Synthetic oligodeoxynucleotides (ODN) expressing unmethylated CpG motifs stimulate an innate immune response characterized by the production of polyreactive immunoglobulin M antibodies and immunomodulatory cytokines. This immune response has been shown to protect mice from challenge by Listeria monocytogenes and Francisella tularensis for up to 2 weeks. By repeatedly administering CpG ODN two to four times/month, we found that this protection could be maintained indefinitely. Protection was associated with a significant increase in the number of spleen cells that could be triggered by subsequent pathogen exposure to secrete gamma interferon and interleukin-6 in vivo (P < 0.01). ODN-treated animals remained healthy and developed neither macroscopic nor microscopic evidence of tissue damage or inflammation. Thus, repeated administration of CpG ODN may provide a safe means of conferring long-term protection against infectious pathogens.
Synthetic oligodeoxynucleotides (ODN) expressing unmethylated CpG motifs stimulate an innate immune response characterized by the production of polyreactive immunoglobulin M antibodies and immunomodulatory cytokines. This immune response has been shown to protect mice from challenge by Listeria monocytogenes and Francisella tularensis for up to 2 weeks. By repeatedly administering CpG ODN two to four times/month, we found that this protection could be maintained indefinitely. Protection was associated with a significant increase in the number of spleen cells that could be triggered by subsequent pathogen exposure to secrete gamma interferon and interleukin-6 in vivo (P < 0.01). ODN-treated animals remained healthy and developed neither macroscopic nor microscopic evidence of tissue damage or inflammation. Thus, repeated administration of CpG ODN may provide a safe means of conferring long-term protection against infectious pathogens.
Infectious bacteria are a major source of morbidity and mortality worldwide. The rapid induction of an innate immune response is one method by which the host limits the early spread of such pathogens (18, 20, 21) . Innate immunity is triggered by the recognition of conserved determinants (such as lipopolysaccharide, mannans, or teichoic acid) expressed by infectious microorganisms (18) . Recent studies indicate that bacterial DNA also stimulates an innate immune response (14, 17, 29) . Specifically, hexameric motifs consisting of a central unmethylated CpG dinucleotide flanked by two 5Ј purines and two 3Ј pyrimidines (14, 24, 29) trigger the rapid production of polyreactive immunoglobulin M (IgM) antibodies and immunomodulatory cytokines in mice (5, 18, 20, 21) . Due to a combination of CpG suppression and CpG methylation, unmethylated CpG hexamers are 20-fold more common in prokaryotic than eukaryotic genomes (reviewed in references 2, 8, and 23) .
Synthetic oligodeoxynucleotides (ODN) that express CpG motifs mimic the immunostimulatory properties of bacterial DNA. CpG ODN induce lymphocytes and macrophages to secrete polyreactive antibodies and/or cytokines, including gamma interferon (IFN-␥), interleukin-6 (IL-6), IL-12, IL-18, and tumor necrosis factor alpha (1, 9, 14, 17) . Based on the finding that immune recognition of unmethylated CpG motifs has been evolutionarily conserved in species ranging from fish to primates, we hypothesized that such recognition might confer a selective advantage on the host (17) . Recent studies support this hypothesis, in that mice pretreated with CpG ODN resisted infection by pathogenic intracellular bacteria, such as Listeria monocytogenes and Francisella tularensis, as well as a variety of viral and parasitic agents (7, 10, 16, 30) .
We and others found that the immune protection induced by CpG ODN persisted for approximately 2 weeks (7, 16) . There are only a limited number of settings in which such short-term protection might be of therapeutic benefit. We therefore attempted to prolong protection by repeatedly administering ODN to normal mice. Results from this work shed light on the nature of the immune response induced by CpG ODN in vivo and on the safety profile of this novel form of immune modulation.
MATERIALS AND METHODS
Bacteria and growth conditions. L. monocytogenes monocytogenes EGD (ATCC 15313) and F. tularensis LVS (ATCC 29684; American Type Culture Collection, Manassas, Va.) were grown in modified Mueller-Hinton broth (Difco Laboratories, Detroit, Mich.) as previously described (7) . One-milliliter aliquots of bacteria were frozen in broth supplemented with 15% glycerol at Ϫ70°C and thawed for use. Viable bacteria were quantified by plating serial dilutions on Mueller-Hinton agar plates. All materials used in mouse inoculations, including bacteria, were diluted in phosphate-buffered saline (PBS) (BioWhittaker, Walkersville, Md.) containing Ͻ0.1 ng of endotoxin/ml.
Reagents. All ODN were synthesized at the Center for Biologics Evaluation and Research, Food and Drug Administration (CBER/FDA) core facility. Immunostimulatory CpG ODN had the sequences GCTAGACGTTAGCGT and TCAACGTTGA. Control ODN had the same sequences, except the CpG motifs (underlined) were switched to GpC (GCTAGAGCTTAGGCT and TCAAGCT TGA). All ODN were tested for endotoxin content by chromogenic Limulus amoebocyte lysate assay (courtesy of Donald Hochstein, Division of Product Quality Control, CBER/FDA) and for protein contamination by the bicinchoninic acid protein assay kit (Pierce Chemicals). Both Limulus amoebocyte lysate activity and protein levels were undetectable.
Mice. Specific-pathogen-free male BALB/c mice were obtained from Jackson Laboratories (Bar Harbor, Maine). All mice were housed in sterile microisolator cages in a barrier environment in the CBER/FDA specific-pathogen-free-animal facility. ODN treatment was initiated at 6 to 8 weeks of age. The mice were injected intraperitoneally (i.p.) with 50 g of ODN and/or 10 3 50% lethal doses (LD 50 ) of bacteria.
In some experiments, blood was obtained by retro-orbital puncture. This was used to prepare serum, which was stored at Ϫ20°C until use. The mice were sacrificed by cervical dislocation, and samples of spleen, lymph node, liver, kidney, adrenal gland, lung, heart, muscle, and intestine were removed. The tissues were either prepared for ELIspot analysis or fixed in 10% formalin for histologic analysis. Tissue sections were prepared and stained by American Histolabs (Rockville, Md.). Single-spleen-cell suspensions were prepared from fresh spleen in RPMI 1640 supplemented with 5% fetal calf serum.
Enzyme-linked immunosorbent assays (ELISAs). Ninety-six-well Immulon I microtiter plates were coated with goat anti-mouse Ig (Southern Biotechnologies Associates, Birmingham, Ala.) in PBS (26) . The plates were blocked with PBS-2% bovine serum albumin and overlaid with serially diluted serum. After a 2-h incubation, the plates were washed and treated with alkaline phosphataseconjugated goat anti-mouse heavy-chain specific Ig (1:3,000; Southern Biotechnologies Associates). The plates were incubated at room temperature for 2 h, washed, and then developed with p-nitrophenylphosphate (Kierkegaard and Perry, Gaithersburg, Md.) in diethanolamine buffer (pH 9.8). The concentration of specific antibody was determined by comparison to a standard curve generated with a high-titer antiserum as previously described (13).
Cytokine-specific ELIspot assays. Ninety-six-well Immulon 2 plates were coated with anti-IL-4 (MM450C; Endogen, Woburn, Mass.), anti-IL-6 (18071D; Pharmingen), or anti-IFN-␥ (AMC-4834; Bio-source, Camarillo, Calif.) in PBS (pH 7.2) buffer for 4 h at room temperature as described previously (12) . The plates were blocked with PBS-5% bovine serum albumin for 2 h and washed with PBS-0.025% Tween 20. A single suspension of lymphocytes prepared in sterile RPMI 1640 supplemented with 5% fetal calf serum was serially diluted in anticytokine-coated plates at a starting concentration of 10 6 cells/well. The plates were incubated at 37°C for 6 h in a 5% CO 2 -in-air incubator. The plates were washed and then treated with biotinylated anti-cytokine antibody followed by phosphatase-streptavidin (Pharmingen), as described previously (12) . ELIspots were developed after the addition of BCIP (5-bromo-4-chloro-3-indolylphosphate) phosphatase (Sigma Diagnostics, St. Louis, Mo.) in agarose and visually quantitated. ELISA assays for quantitating serum cytokines were performed as described above, except serum rather than cells was added to plates coated with anti-cytokine antibody.
Statistical analysis. All cytokine and Ig assays were conducted with a minimum of three to six independently studied mice/group. All challenge experiments were performed with a minimum of 5 to 10 mice/group. Statistical significance was evaluated by Student's t test.
RESULTS
Effect of long-term CpG ODN treatment on immunological reactivity. Previous studies showed that the innate immune response induced by a single injection of CpG ODN protected mice from infection by L. monocytogenes and F. tularensis for approximately 2 weeks (7, 16) . In an effort to extend the duration of protection, BALB/c mice were repeatedly injected with 50 g of CpG ODN. Initial experiments examined whether cells from long-term-treated animals remained responsive to this form of immune stimulation. Splenocytes from untreated animals and from mice injected with ODN for five successive weeks were incubated in vitro with CpG ODN. Cells from both control and ODN-treated mice responded by secreting IL-6 and IFN-␥ in vitro, demonstrating that lymphocytes were not desensitized by repeated in vivo exposure to CpG motifs (Fig.  1) .
To monitor the effect of repeated ODN administration on immune activation in vivo, ongoing cytokine production was examined by ELIspot analysis of freshly isolated splenocytes. One day after a single injection of CpG ODN there was no detectable change in the number of spleen cells secreting IL-4, IL-6, or IFN-␥ in vivo (Fig. 2) . We also detected no change in numbers of cytokine-secreting cells or serum cytokine levels at any time point after a single ODN administration (data not shown). However, after 10 weekly injections, the number of IL-6-and IFN-␥-secreting spleen cells was increased Ͼ2-fold when compared to those in PBS-treated controls (P Ͻ 0.01 and P Ͻ 0.03, respectively). A modest decrease in the number of IL-4-secreting cells was also observed in long-term ODNtreated animals, although this did not reach statistical significance (Fig. 2) . To determine whether these changes in immune activation persisted, the animals were studied 30 days after the cessation of therapy. As seen in Fig. 2 , the number of cells secreting IFN-␥ and IL-6 in animals that had been treated with CpG ODN for 4 months returned to baseline within a month of the discontinuation of therapy.
Serum Ig levels were examined in mice 1, 30, and 60 days after 4 months of weekly CpG ODN treatment. As seen in Fig.  3 , a modest increase in serum IgM levels was observed in chronically treated mice. These returned to normal by 1 month after the cessation of treatment. No effect on total IgG, IgG1, or IgG2a levels was detected.
Safety of long-term CpG ODN treatment. Animals injected every week with CpG ODN remained physically vigorous: none became sick, lost weight, or died (Table 1 ). Mice were sacrificed 1 or 30 days after 4 months of treatment, and their organs (spleen, lymph nodes, muscle, intestine, heart, lung, adrenal gland, kidney, and liver) were fixed, stained, and examined histologically. There was no splenomegaly or hepatomegaly (Table 1) . Coded samples from ODN-treated and control mice were analyzed by a pathologist (Allen Cheever). None of the organs showed macroscopic or microscopic evidence of damage or inflammation. The hematocrit and total white blood cell count in the peripheral blood of all animals at all time points were normal (data not shown).
Efficacy of long-term CpG ODN treatment. Consistent with previous findings (7), animals treated only once with CpG ODN were fully protected from challenge by (Table 2 ). Since it takes several days for optimal protection to develop, these mice were partially susceptible to infection during the first 2 days after treatment (Table 2) . To determine whether repeated administration of CpG ODN could extend the duration of protection, mice were treated every 2 weeks with 50 g of ODN and then challenged with 10 3 LD 50 of L. monocytogenes. Complete protection was observed both 1 and 14 days after five consecutive treatments administered over 2 months (Table 2 ). In contrast, mice injected with PBS or control ODN (in which the CpG dinucleotide was inverted to GpC) did not survive challenge. Extending this analysis, animals were treated with CpG ODN every 2 weeks for 4 months. As described above, these animals were completely protected from infection throughout the treatment period and for 2 weeks after the last dose of ODN. By 1 month after the end of therapy, they were fully susceptible to infection (Table 2) . Mice that survived L. monocytogenes challenge due to CpG ODN treatment were rechallenged with either L. monocytogenes or F. tularensis 6 weeks later. All mice infected with F. tularensis died, since the immunoprotective effects of the CpG ODN had waned. In contrast, all mice survived rechallenge with L. monocytogenes (Table 3 ). This confirms our earlier finding that animals exposed to a pathogen during the period of CpG ODN-induced protection develop long-lasting antigen-specific immunity (7) .
Mechanism of action of CpG ODN. As shown above, a single 50-g injection of CpG ODN protected BALB/c mice from infection but did not stimulate a detectable increase in the number of cells actively secreting Ig or cytokine in vivo. However, repeated administration of CpG ODN resulted in an increased number of spleen cells actively secreting IL-6 and IFN-␥ in vivo. These findings led us to postulate that ODN might lower the activation threshold of the innate immune system subsequently exposed to a pathogen. To test this hypothesis, BALB/c mice were treated with CpG ODN or PBS and then challenged 3 days later with 10 3 LD 50 of L. monocytogenes. As seen in Fig. 4 , ODN-treated mice had significantly more cells actively secreting IL-6 (P Ͻ 0.01) within 12 h of listeria infection than did the negative controls. By 3 days after infection, there were significantly more cells secreting both IL-6 (P Ͻ 0.01) and IFN-␥ (P Ͻ 0.01) in CpG ODN-pretreated mice.
DISCUSSION
The immune system has evolved two general mechanisms for combating infectious diseases. The first involves a rapid innate immune response characterized by the production of immunostimulatory cytokines and polyreactive antibodies. This early response helps limit a pathogen's spread prior to the development of antigen-specific sterilizing immunity (reviewed in references 18, 20, and 21). CpG motifs present in bacterial DNA induce such an innate immune response (2, 8, 14, 23, 24, 29) . Recent reports demonstrate that CpG motifs improve host resistance to infection by a variety of bacterial, viral, and parasitic pathogens (7, 10, 16, 30) . Protection is mediated by the release of IFN-␥, IL-12, and/or the activation of B and/or NK cells, depending upon the pathogen. CpG ODN also act as immune adjuvants, facilitating the development of pathogenspecific immunity (3, 4, 11, 15, 19, 22, 25) .
There is considerable interest in the therapeutic potential of CpG ODN. ODN enter immunologically active cells within seconds, up-regulate mRNA within minutes, stimulate cytokine and IgM production within hours, and provide protection for approximately 2 weeks (7, 14, 17) . In most situations where CpG ODN might be used therapeutically, such as preventing infection by pathogens for which vaccines are unavailable, long-term protection is required. Thus, developing a means to prolong the activity of CpG ODN would be of clear benefit. We examined whether repeatedly administering CpG ODN could continuously stimulate the innate immune system, thereby preventing protection from waning. As seen in Table 2 , periodic injection of CpG ODN maintained host resistance to 10 3 LD 50 of L. monocytogenes for the duration of therapy. Long-term protection against F. tularensis was also observed in animals treated repeatedly with CpG ODN (Table 3 and data not shown). Protection was unambiguously attributed to the activity of CpG motifs, since control ODN in which the CpG dinucleotide was inverted to GpC provided no protection.
Animals injected only once remained partially susceptible to infection for the 2 days immediately following ODN administration (Table 2 and reference 7) . By treating mice every 2 weeks with ODN, immune activation was maintained at a level sufficient to provide continuous protection. Our mechanistic studies suggest that the CpG ODN had lowered the activation threshold of the innate immune system. This enabled the host to mount stronger and faster responses after infection, resulting in the control of an otherwise-lethal pathogen dose. The a BALB/c mice were injected i.p. with PBS or 50 g of CpG ODN every week for over 2 months (10 injections). One day after the last injection, the animals were sacrificed. The total body and liver weights were recorded, as were the number of leukocytes in the spleen. The data represent the mean Ϯ standard deviation of six individually tested mice/group from two different experiments. observation that ODN-pretreated mice had significantly more cells actively secreting IL-6 within 12 h of infection supports this conclusion. This increase cannot be accounted for by cell proliferation (even a single population doubling takes more than 12 h). Moreover, ODN treatment was not associated with an increase in spleen cell numbers (Table 1) . Instead, CpG ODN enabled the innate immune system to mount a more vigorous immune response immediately after challenge. Different cellular elements may have contributed to this response over time, as shown by the subsequent rise in the number of IFN-␥-secreting cells (an effect also promoted by CpG ODN pretreatment). Ongoing studies are directed towards identifying precisely which cells contribute to each stage of this activation.
CpG ODN also function as immune adjuvants. Several groups have shown that coadministering CpG ODN with protein-or DNA-based vaccines boosts the host's antibody and cytotoxic-T-lymphocyte response (3, 4, 11, 15, 19, 22, 25) . In the context of their use as immunoprotective agents, we observed that animals treated with CpG ODN not only survived initial infection, they then developed an adaptive immune response resulting in long-term protection against subsequent challenge by the same organism (Table 3) . At an immunologic level, we postulate that the presence of cells "primed" to rapidly release IL-6, IFN-␥, or other cytokines following contact with a pathogen in CpG ODN-treated mice may contribute to the induction of immunologic memory (Fig. 2) .
As with all novel therapies, concern has been expressed that CpG ODN might have adverse effects on the host. Indeed, reports indicate that the toxicity of LPS (6) and D-galactosamine (27, 28) can be increased by the administration of CpG ODN. To examine the toxicity of CpG ODN in normal animals, we repeatedly injected BALB/c mice with 50 g of CpG ODN, a dose that significantly exceeds the minimum amount of ODN required for protection (2 to 5 g) (7). The chronic immune stimulation induced by this treatment could potentially promote an inflammatory, autoimmune, or other type of toxicity in the host, yet none of the nearly 200 mice injected multiple times with CpG ODN lost weight, became ill, or developed hepatomegaly or splenomegaly (prior to pathogen challenge). Stained tissue sections from ODN-treated and control mice showed no evidence of macroscopic or microscopic damage or inflammation. Blood smears from all animals were normal. In addition, none of the animals developed proteinuria or other manifestations of lupus-like disease. These studies do not indicate that therapeutic doses of CpG ODN are harmful under normal conditions. In summary, our results demonstrate that the repeated administration of CpG ODN can significantly improve host resistance to infection for a prolonged period. In the present study, protection against L. monocytogenes and F. tularensis was maintained for Ͼ4 months. It seems likely that lifelong protection can be achieved by repeated ODN administration and that this protection will extend to the multiple microorganisms against which CpG ODN are effective (including viruses and parasites) (7, 10, 16, 30) . Given the safety and efficacy of this dosing regimen, we predict that CpG ODN will be of considerable benefit in situations where effective vaccines are unavailable or where the risk of exposure to multiple pathogens is high.
